To evaluate the presence and potential involvement of members of the plasminogen/plasminogen activator (Plg/ PA) system in the exudative form of age-related macular degeneration (AMD). METHODS. The expression of PA members mRNA was evaluated in human and experimental choroidal neovascularization (CNV) by RT-PCR. The presence and activity of PA was studied by immunofluorescence and in situ zymography. The influence of endogenous plasminogen (Plg), urokinase (uPA), tissue type plasminogen activator (tPA), and uPA receptor (uPAR) was explored in single-gene-deficient mice in a model of laserinduced CNV. RESULTS. Members of the Plg/PA system were present both in human and murine CNV. The absence of Plg, uPA, or tPA significantly decreased the development of experimental CNV compared with wild-type or uPAR-deficient mice. This effect could be attributable, partly to a modulation of matrix metalloproteinase activity, but also to an accumulation of fibrinogenfibrin in the laser-induced wounds. CONCLUSIONS. Together with previous work done by the authors, this study indicates that choroidal neovascularization is extremely sensitive to the modulation of Plg/PA system activity. This may provide a new strategy for the treatment of exudative AMD. (Invest Ophthalmol Vis Sci.
P athologic angiogenesis is the underlying cause of the exudative form of age-related macular degeneration (AMD). Unlike retinal neovascularization, choroidal neovascularization (CNV) is not primarily induced by hypoxia and the molecular signals involved in its initiation and progression are only partly defined. 1 Angiogenesis is an invasive process that requires proteolysis of the extracellular matrix, proliferation, and migration of endothelial cells with simultaneous synthesis of new matrix components. Such migratory and tissue remodeling events are regulated by different proteolytic systems including matrix metalloproteinases (MMPs) and serine proteinases of the plasminogen/plasminogen activator (Plg/PA) system. 2, 3 That MMPs are required for angiogenesis has been firmly established. 4 -6 Urokinase-type (uPA), which binds to a cellular receptor (uPAR), and tissue-type (tPA) plasminogen activators, are serine proteases both able to activate the zymogen plasminogen (Plg) into plasmin. Plasmin is a broadly acting enzyme that degrades fibrin and extracellular matrix proteins and activates pro-MMPs and growth factors. 7 Plasminogen activator inhibitor type 1 (PAI-1) is the main physiological inhibitor of PA. Vascular endothelial growth factor (VEGF) induces uPA and tPA in endothelial cells derived from the microvasculature, 8 and when endothelial cells migrate, they significantly upregulate uPA, tPA, uPAR, and PAI-1 at the leading edge of migration. 2, 9 The importance of PAI-1 in the "proteolytic balance" has been demonstrated in vitro 10 and in tumoral angiogenesis. 11, 12 The specific roles of the Plg/PA system, however remain more controversial. Although developmental and wound-healing-associated angiogenesis was apparently unaffected in uPA-, uPAR-, tPA-, and Plg-deficient mice, several in vivo studies have demonstrated a requirement for this system in other settings. 2 This may indicate that the repertoire of active fibrinolytic proteins is likely to vary from one context to another.
The initial observation of a proangiogenic effect of uPA was reported in a model of corneal neovascularization. 13 Several studies have later investigated the involvement of the fibrinolytic system in retinal neovascularization associated with diabetes. 14 -16 However, data concerning pathologic angiogenesis growing under the retina from the choroid are not available. We have previously reported the importance of PAI-1 expression in CNV. 17 Because neovascularization has been reported to occur on fibrin degradation in exudative AMD, 18, 19 we investigated here the expression and activity of members of the fibrinolytic system in human and laser-induced murine CNV. The influence of endogenous uPA, uPAR, tPA, and Plg on the formation of CNV was further evaluated in single-gene-deficient mice compared with wild-type (WT) control animals.
METHODS

RT-PCR Analysis of Neovascular Membranes
Eight consecutive submacular CNV specimens were completely removed during surgery for 360°macular translocation performed on patients with exudative AMD (three men, five women; mean age, 77 years; range, 72-83), either not amenable to conventional laser/photodynamic therapy (presence of occult new vessels or submacular bleeding) or in one patient, due to a severe recurrence a few months after a successful medical treatment (patients' demographics are given in Table 1 ). The neovascular membranes were snap frozen in liquid nitrogen and stored at Ϫ80°C. Intact human donor posterior segments (Cornea Bank, Liège, Belgium) were used as a control. The methods conformed to the Declaration of Helsinki for research involving human subjects.
CNV was induced in mice by multiple argon laser burns, as previously described. 20 As a control, multiple subliminal laser burns (without the formation of the bubble sign) were also performed. Animals were killed at days 3, 5, 10, 14, 20, and 40, and the eyes were enucleated. The posterior segments (neural retina and RPE-choroid complex) were dissected and immediately frozen in liquid nitrogen.
The frozen tissues were pulverized in a dismembrator (B. Braun Biotech International, GmBH, Melsungen, Germany), and total RNA was isolated with an extraction kit (RNeasy; Qiagen, Paris, France) according to the manufacturer's protocol. 28S rRNA was amplified with an aliquot of 10 ng total RNA with an RNA PCR kit (GeneAmp Thermostable rTth reverse transcriptase; Applied Biosystems, Foster City, CA) and two pairs of primers (Eurogentec, Liège, Belgium; oligonucleotides sequences are shown in Table 2 ). Reverse transcription was performed at 70°C for 15 minutes, followed by a 2-minute incubation at 95°C for denaturation of RNA-DNA heteroduplexes. Amplification started at 15 seconds at 94°C, 20 seconds at 60°C, and 10 seconds at 72°C. RT-PCR products were resolved on 2% agarose gels and analyzed with a fluorescence imager (Fluor-S MultiImager; Bio-Rad, Richmond, CA) after staining with ethidium bromide (FMC BioProducts, Philadelphia, PA).
Murine Model of Laser-Induced CNV
CNV was induced in mice by four burns (at the 6, 9, 12, and 3 o'clock positions around the optic disc) using a green argon laser (532 nm; 50-m diameter spot size; 0.05-second duration; 400-mW intensity). 17 Eyes in which no bubble developed at the site of laser treatment or in which there was subretinal bleeding were not included in the analysis. The eyes were enucleated at day 14, embedded in mounting medium (Tissue Tek; Miles Laboratories, Naperville, IL), and frozen in liquid nitrogen for cryostat sectioning. CNV was quantified as previously described. 17, 20 Briefly, frozen serial sections were cut throughout the entire extent of each burn, and the thickest region (minimum of four per lesion) was used for the quantification. Using a computer-assisted image analysis system (Olympus Micro Image version 3.0 for Windows 95/NT, Olympus Optical Co., London, UK), neovascularization was estimated by the ratio B/C: thickness from the bottom of the pigmented choroidal layer to the top of the neovascular membrane (B)/ thickness of the intact pigmented choroid adjacent to the lesion (C).
Genetically Modified Mice
Brother-sister mating generated all knockout mice in a C57BL6/129 background and their corresponding WT littermates. Homozygous mice deficient of uPA (uPA
Plg (Plg Ϫ/Ϫ ) and their corresponding WT littermates with a mixed genetic background of 75% C57BL6 and 25% 129 SV/SL strain were generated as described previously. [21] [22] [23] Mice of either sex aged between 8 and 12 weeks were used. There were five or more mice in each group. The animals were maintained in a 12-hour light-dark cycle and had free access to food and water. All the animal experiments were performed in compliance with the Association for Research in Vision and Ophthalmology (ARVO) statement for the Use of Animals in Ophthalmic and Vision Research.
Immunohistochemistry
Cryostat sections (5-m thick) were fixed in paraformaldehyde 1% in 0.07 M phosphate-buffered saline (PBS; pH 7.0) for 5 minutes or in acetone for 10 minutes at room temperature and then incubated with the primary antibody. Antibodies raised against type IV collagen (guinea pig polyclonal, produced in our laboratory; diluted 1:100), mouse platelet-endothelial cell adhesion molecule (PECAM; rat mono- DD, disc diameter; ND, not done; PED, pigment epithelium detachment; PDT, photodynamic therapy; ϩϩ, refers to large amounts of blood preventing angiography.
* Gender and age are given with the number in brackets corresponding to the CNV membrane in Figure 1 . 
In Situ Casein Zymography
Cryostat sections were coated with a mixture containing 2% skim milk, 0.9% agar, and 600 L Plg (Sigma-Aldrich), as previously described. 11, 12 An 8% milk stock solution was prepared in PBS, heated at 95°C for 30 minutes, and centrifuged at 3000 rpm to remove insoluble material. Slides were incubated at 37°C in a humidified chamber for 4 hours for assessment of total PA activity and for 24 hours in the presence of uPA-specific inhibitor amiloride (2 mM; Sigma-Aldrich) for assessment of tPA activity. Caseinolysis was monitored by examination under a dark-field microscope.
Gelatin Zymography Assay
CNV was induced in mice by multiple laser burns, as described earlier.
Animals were killed at day 3, and the eyes were enucleated. The posterior segments were dissected and snap frozen in liquid nitrogen.
Frozen tissues were then pulverized in liquid nitrogen, homogenized in buffer (0.1 M Tris-HCl [pH 8.1] and 0.4% Triton X-100) and centrifuged for 20 minutes at 5000g. The pellets were discarded. Aliquots of supernatants were mixed with SDS sample buffer and electrophoresed directly as previously described. 24 All lanes were loaded with equal amounts of material (5 ng).
Statistical Analysis
Data were analyzed on computer (Prism 3.0; GraphPad, San Diego, CA). The Mann-Whitney test was used to determine whether there were significant (P Ͻ 0.05) differences between control and genetically modified mice.
RESULTS
RT-PCR Analysis of Neovascular Membranes
uPA, tPA, and uPAR mRNAs were detected in all CNV specimens obtained during surgery. However, basal expression of these mRNAs was also documented in intact donors, as previously described 26, 27 (Fig. 1) . Patients with these aggressive neovascular membranes had a documented (Table 1) different natural history (size of the lesion, amount of blood, previous treatment). Expression of PA mRNA seemed to be relatively increased in patients with larger lesions or with significant amounts of blood in the subretinal space. To evaluate more precisely the temporal pattern of gene expression, semiquantitative RT-PCR analysis (normalized to 28S signal) was then applied on laser-induced murine neovascular choroidal membranes at different end points (days 3-40 after laser treatment). As shown on densitometry histograms (Figs. 2A-C) , uPA and uPAR mRNAs displayed the largest induction during the course of experimental murine CNV, with a decrease in expression after day 10 (coinciding with the period of CNV stabilization). A similar induction was not observed when low-power laser treatment (not disrupting Bruch's membrane) was applied (Fig.  2E) .
Presence of uPA, tPA, and uPAR in Experimental CNV
Immunohistochemical staining demonstrated the presence of uPA, tPA, and uPAR proteins at the site of laser-induced injury (RPE and choroidal layer, Figs. 3A-C) . No staining was ob- 1-4, respectively) , who had exudative AMD (Table 1) served at any location in uPA Ϫ/Ϫ , tPA Ϫ/Ϫ , or uPAR Ϫ/Ϫ mice (not shown). uPAR protein was detected both in CNV and in adjacent intact areas (Fig. 3B) . In situ zymography in WT mice revealed that PA activity was mainly localized in and around the laser-induced CNV (Fig. 3E) , but was also present (after a longer incubation) at the RPE layer (Fig. 3F) . Caseinolytic activity was also detected (at a weaker level) when uPA was inhibited with amiloride, suggesting that tPA mediates a part of the observed proteolytic effect (Fig. 3G) .
CNV Development In Vivo in uPA
؊/؊ , tPA
To determine whether the absence of members of the PA/Plg system influences CNV in vivo, we evaluated the severity of the neovascular reactions by immunostaining with anti-PECAM antibodies and, histologically, by measuring, on serial sections, the maximum height of the lesion above the choroidal layer observed in neighboring intact zones. 17, 20 CNV at the site of laser-induced trauma was very restricted in uPA Ϫ/Ϫ , tPA
(not shown), and Plg Ϫ/Ϫ mice, but robust CNV was observed in uPAR Ϫ/Ϫ and WT (not shown) mice (Figs. 4A-C) . This was quantified by determining the B/C ratio between total thickness of lesions to the thickness of adjacent normal choroid, and an approximately 50% reduction of the B/C ratio was consistently observed in uPA Ϫ/Ϫ , tPA Ϫ/Ϫ , and Plg Ϫ/Ϫ mice (P Ͻ 0.001) compared with WT mice (Fig. 4D) .
Gelatin Zymography Assay
To investigate an influence on matrix metalloproteinase (MMP) activity due to the absence of PA or Plg, the activities of MMP-2 and -9 in control and deficient mice were analyzed by gelatin zymography performed on the posterior segment after multiple laser-induced trauma. The latent form of MMP-2 (known to be constitutively expressed) was detected in all tissue extracts (Fig. 5) . MMP-9 activity was not detected in intact eyes, whereas higher levels were found in laser-treated eyes. However, MMP-9 activity appeared to be decreased and that of MMP-2 increased in Plg/PA Ϫ/Ϫ mice compared with WT control animals. Mice with a single deficiency of tPA or uPA are susceptible to thrombosis after traumatic or inflammatory challenge, 21 and it has been demonstrated that fibrinogen is responsible for the phenotype observed in Plg Ϫ/Ϫ mice. 25 Therefore, to explore the possibility that excessive fibrinogen-fibrin deposition could be responsible for the decreased choroidal angiogenesis observed in Plg/PA Ϫ/Ϫ mice, fibrinogen-fibrin was immunostained at day 3 after laser treatment (Figs. 6A-D) . Although WT control animals showed a modest fibrinogen-fibrin presence on the CNV's forward edge, uPA Ϫ/Ϫ , tPA Ϫ/Ϫ , and Plg
mice demonstrated massive accumulation of fibrinogen-fibrin both in the retinal vessels, and in the bottom of the laserinduced trauma, which had a "sealed" appearance.
DISCUSSION
Our data report for the first time the expression of tPA, uPA, and uPAR mRNAs, both in choroidal neovascular membranes surgically extracted from patients with exudative AMD and during murine experimental CNV. This suggests (but does not definitively show) that these molecules may be involved in the CNV process in humans, because basal expression of these molecules was also present (primarily in the choroid-RPE complex) in intact eyes (Fig. 1 ). These observations were extended in mice by immunostaining and in situ zymography showing PA activity at the site of laser-induced trauma. We investigated therefore the influence of a deficiency in the Plg/PA system on the development of experimental CNV. WT control mice and uPAR Ϫ/Ϫ mice exhibited a robust angiogenic response. However, significant experimental CNV did not develop in uPA Ϫ/Ϫ , tPA Ϫ/Ϫ , or Plg Ϫ/Ϫ animals, suggesting a contribution of these proteinases in chorioretinal disease. Indeed, it has been demonstrated that the intact choroid is a source of continuous tPA secretion 26 and the RPE a source of uPA. 27 Urokinase activity was increased in experimental retinal neovascularization and in diabetic neovascular membranes. 15, 28 Intraocular elevated tPA levels have been associated with proliferative diabetic retinopathy, 16 and preliminary observations have suggested that uPA inhibition could prevent the retinal neovascularization induced by hypoxia (Mcguire PG, Jones TR, Talaric N, Warren E, Das A, ARVO Abstract 1261, 2002). The apparent absence of effect secondary to uPAR deficiency may be explained by the observation that binding of uPA to uPAR is not required to provide sufficient pericellular uPA-mediated plasmin proteolysis. 29 The phenotype observed in uPA Ϫ/Ϫ , tPA Ϫ/Ϫ , and Plg Ϫ/Ϫ mice could not be directly ascribed to a defect at the endothelial level. Indeed, first, CNV is not a disease exclusively caused by isolated endothelial cell pathologic proliferation. Clinical and experimental data 20, 30 have shown the presence of an important inflammatory component in the disease, suggesting that CNV is a nonspecific wound-healing response. 31 Second, previous studies have showed that endothelial cell migration in fibrin gels is not severely impaired by isolated deficiency of Plg/PA system components, but is an essential active membrane-type 1 MMP. 32 That deficiencies in endogenous uPA or tPA does not impair endothelial cell migration has been confirmed in the aortic ring model 10 and in a model of tumoral angiogenesis induced by implantation of malignant keratinocytes. 12 Nevertheless, angiogenesis in these two models was still dependent on the presence of Plg, indicating that plasminmediated proteolysis may be a key event in particular experimental settings. In addition, while defective pathologic angiogenesis in uPA Ϫ/Ϫ and tPA Ϫ/Ϫ mice has not been reported for a while, recent data challenge this observation.
Recently, a critical role for tPA during invasion and angiogenesis of pancreatic tumor cells has been suggested. 33 Furthermore, the presence of uPA or Plg is essential for capillary angiogenesis during infarct revascularization. 34 This particular phenotype is partly explained by defective MMP-9 activation in the infarcted heart secondary to the absence of uPA and plasmin. In our model, MMP-9 appeared to be decreased, whereas MMP-2 activity seemed to be increased when Plg/PA was deficient (Fig. 5) . All together, these data support the idea that the need for PA during angiogenesis may be related to the composition of the extracellular matrix or to the expression pattern of proteinases during different conditions. PAI-1 is the main physiological inhibitor of uPA and tPA. It not only regulates the proteolytic activity of uPA but also determines the level of uPA bound to its cell surface receptor (uPAR) by promoting the rapid endocytosis of the trimolecular uPA-uPAR-PAI-1 complex. 35 We have reported previously that deficient expression of PAI-1 in mice prevents the development of experimental CNV, which is restored when systemic and local PAI-1 expression is achieved by intravenous injection of a replication-defective adenoviral vector expressing PAI-1 cDNA. 17 However, high doses of PAI-1 were equally efficient in inhibiting development of CNV (Lambert V, Munaut C, Bajou K, et al., manuscript submitted) indicating that in this murine model of exudative AMD, finely tuned fibrinolysis was a key element. In the current study, immunohistochemically that in the absence of uPA, tPA, or Plg, excessive accumulation of fibrinogen-fibrin took place at the level of the laser-induced trauma, even in the presence of MMP activity. These fibrin deposits may impose a physical barrier to several components of normal CNV (endothelial cells, fibroblasts, and monocytes) that cannot be resolved without plasmin-mediated fibrinolysis. Taken together, these results suggest that in the choroid, the angiogenic program is more dependent on the PA/Plg axis than on MMP-driven fibrinolysis. This is in line with our recent observations in MMP-9 -deficient mice showing that, although MMP-9 is expressed and active during development of CNV, its absence induces only a modest reduction in neovascularization. 20 Choroidal capillaries forming pathologic neovascular membranes appear to be exquisitely sensitive to variations in the proteolytic PA-driven balance. Both excessive fibrinolysis (such as occurred in PAI-1 deficiency) and defective fibrinolysis (the result of either isolated Plg/PA deficiency, or excessive PAI-1 levels) prevents the development of neovascularization and The neovascular reaction was determined with computer-assisted image analysis by evaluating the B/C ratio, as described previously, 17, 20 at day 14 after laser injury of Bruch's membrane in WT and gene-deficient mice. ***P Ͻ 0.001; error bars ϭ SE. Original magnification: (A-C) ϫ200; (E, F, G) ϫ400. 
